A piezoelectric triple-beam tuning fork (TBTF) is presented as a force sensing element. Bent-beam sensing with large deformations is introduced as an alternative to conventional in-plane sensing with small deformations. Inertial force is applied to the tuning fork by a proof mass and it is demonstrated that bent-beam sensing results in several orders of magnitude increase in force sensitivity. The findings are verified by comparing the results of a tilting experiment to an analytical solution and finite element simulations. Five mode shapes of the TBTF are investigated and the resonance frequency of the proposed sensor mode is 265 kHz. 2 In a typical configuration for acceleration measurements, a proof mass is suspended between two DETFs. The inertial force upon acceleration causes intrinsic stress of opposite sign in the two DETFs. The normalized, stressinduced shift in fundamental frequency df 0 /f 0 of such DETFs is described by the relationship
2 In a typical configuration for acceleration measurements, a proof mass is suspended between two DETFs. The inertial force upon acceleration causes intrinsic stress of opposite sign in the two DETFs. The normalized, stressinduced shift in fundamental frequency df 0 /f 0 of such DETFs is described by the relationship
In Eq.
(1), L, t, and w are the length, thickness, and width of the DETF beams, respectively. E is the Young's modulus of the DETF material and F is the axial force applied to the DETF. The frequency shift of such MEMS accelerometers is on the order of a few to a few hundred Hz per G depending on the geometry of the resonating beams and the proof mass. Comb-teeth or parallel plate electrodes are typically utilized for electrostatic actuation and capacitive sensing. Due to the necessary small gap widths between the electrodes, electrostatic sensors require that the overall deformation of the system by the inertial force is small. 4, 5 In contrast, piezoelectric DETF 6 do not have this restriction as the actuation and sensing occurs in the beams themselves and there is no need for narrow gaps. However, piezoelectric tuning fork acceleration sensors have so far followed the same design approach that relies on frequency shift due to stresses in the DETF beams. 7, 8 Here, we report a piezoelectric sensor that does not rely on this in-plane, stress-dominated sensing with small deformations but rather on a frequency shift due to out-of-plane deformation, which we refer to as bent-beam sensing. The transduction element is a triple-beam tuning fork (TBTF) made up of two layers of thin-film deposited aluminum nitride (AlN) with a continuous molybdenum (Mo) electrode in between and a patterned Mo electrode on top. The top AlN layer is used as the active piezoelectric material and the bottom AlN layer is necessary for completing the bimorph beam to enable out-of-plane actuation. Instead of having different materials for top and bottom layers, AlN is chosen for both layers of the bimorph to avoid parasitic deflection from temperature changes due to mismatch of thermal expansion coefficients. Bimorphs of AlN with other materials have been reported in the literature.
9,10 Figure 1 shows a scanning electron micrograph and a schematic cross-sectional view of the device.
The TBTF is operated as a 2-port piezoelectric resonator. One of the ports is driven by the output of a network analyzer, while the other port is connected via a transimpedance amplifier to the input of the network analyzer. The experimental setup and the electrode patterning of the TBTF are shown in Fig. 2 .
The specific electrode patterning is chosen to optimize the electromechanical coupling for certain out-of-plane resonance modes of the AlN TBTF similar to previously demonstrated work for AlN single-ended tuning forks 11 and DETF. 12 The device impedance defined as v drive /i sense and measured with the network analyzer is shown as a function of frequency in Fig. 3 .
For this data, the device was kept in a horizontal position, i.e., the inertial force acting on it is equivalent to 1 G in the z-axis direction. Finite element modeling (FEM) with the software ANSYS Mechanical APDL 14.0 was performed to compare the measured resonance peaks to the theoretically expected resonance mode shapes of the device. The FEM analysis consisted of two steps. First, a non-linear, static analysis was performed with the static z-axis acceleration and two different film stresses for the two AlN-layers as the mechanical loads. It is important to account for the film stresses in the AlN-layers, which are caused by the deposition process, because prior simulations showed that the initial shape of the TBTF strongly influences its force sensing behavior. The film stress difference for the simulation was chosen such that the deformation of the TBTF in the analysis coincided with the true deformation of the device as measured with a white-light interferometer profiling system. It was found that the required stress difference was 110 MPa, with þ55 MPa in the top AlN-layer and À55 MPa in the bottom AlN-layer resulting in an overall upward bending of 7.3 lm at the TBTF attachment point to the proof mass. The second step of the FEM procedure was a modal analysis based on either the resulting stresses or the resulting deformations of the static analysis. The modal analysis was performed to determine the shape and frequencies of the resulting resonance modes. All of the mode shapes that appear in the numerical solution below 80 kHz involve considerable movement of the proof mass. These modes do not appear in the measurement results for two reasons. They are too weakly coupled because of the top electrode patterning and they are too highly damped at atmospheric pressure. On the other hand, all of the resonant modes that are numerically predicted in the range between 80 kHz and 600 kHz are observed in the impedance measurement. Table I lists the observed resonant modes and the agreement of their frequencies with the FEM simulation. The names given to modes M 1 , M 2 , and M 3 are adopted from Fabula's work on TBTF sensors. 13 The names for modes M 0 and M 4 are introduced in this work. Mode M 0 is termed mass tilt mode because the FEM solution shows that the proof mass is slightly tilting in this mode shape compared to the other four mode shapes, in which the tuning fork beams deform, but the proof mass stays virtually stationary. This mode requires that a mobile proof mass is connected to one end of the TBTF and does not appear for doubly clamped TBTFs. It is assumed that mode M 2 shows the strongest resonance because the center beam stays undeformed causing the least amount of proof mass motion. Mode M 3 is assumed to be stronger than mode M 1 because the patterning of the top electrode favors antisymmetric motion of the three beams, i.e., an upward motion of the outer beams when the center beam moves down and vice versa. Note that modes M 1 -M 3 do not appear in their numerical order on the frequency spectrum for this set of operating conditions. The order in which these modes appear is influenced by the initial shape of the TBTF. For a device with no initial deflection, M 1 would be the lowest frequency mode and M 3 would be the highest frequency mode.
In order to test the sensitivity of the device to external forces, it was mounted in a tilting stage that allowed precise changes of its orientation relative to the horizontal plane. The axis of rotation is the y-axis as defined by the coordinate system in Fig. 1 . For conventional in-plane accelerometers, the expected behavior would be such that the signal of the sensor is proportional to the component of the gravitational force acting in the sense direction. The value of this component is 0 G when the sensor is horizontal, 1 G when the proof mass is pointing downward and follows the relationship F sense ¼ 1G Â sinðuÞ, where u is its angle relative to the horizontal plane. The resulting relative frequency shift based on this force component and the analytical solution from Eq. (1) is plotted in Fig. 4 .
For this analytical solution, the parameter w is the sum of the thicknesses of the two AlN layers and the center molybdenum layer, t is the sum of the width of one the TBTF's side beam and half of the width of its center beam, L is the length of the beam, and E is the equivalent Young's modulus for thin film AlN. A first FEM simulation was performed by using the internal stresses calculated in the static solution as the input loads in the modal analysis. For this case, the deformations of the static analysis are not transferred to the modal analysis. The results of this in-plane, stress-dominated FEM is plotted in Fig. 4 and it can be seen that the resulting shift in resonance frequency agrees with the analytical solution.
Both the analytical solution and the stress-based, in-plane FEM results describe the case in which the proof mass is contained to motions within its plane, e.g., by the use of guide beams or by suspending the proof mass between two opposing tuning forks. The device presented in this work, however, does not have this limitation. Thus, a second FEM simulation was performed in which the deformations from the static solution, rather than the internal stresses, were used as input loads for the modal analysis. The relative frequency shift resulting from tilting the sensor for the bent-beam FEM simulation is also shown in Fig. 4 and it can be seen that the frequency change is about three orders of magnitude larger than for the in-plane, stress-dominated case (note the difference in axis scaling). Finally, experimental results were obtained by measuring the impedance spectrum at each angle and using a computer algorithm to extract the resonance frequencies by detecting impedance amplitude minima. The relative change in resonance frequency for mode M 3 is plotted in Fig. 4 and it is in good agreement with the bent-beam FEM results. The comparison in Fig. 4 shows that bending the TBTF in the direction of its resonance motion has a much larger effect on its resonance frequency than the axial stresses in the beams from the same input load. Similar results have previously been reported for buckled silicon nitride/AlN microbridges, whose resonance frequencies were shown to be strongly affected by the amount of initial buckling due to residual stresses. 14, 15 In Fig. 5 , the resonance frequencies of the three modes M 1 , M 2 , and M 3 are shown as predicted by the bent-beam FEM simulation and as measured in the tilting experiment. It can be seen that both the absolute value of the resonance frequency and the amount of shift due to tilting of the sensor are predicted accurately with the FEM simulation.
For the comparison of in-plane, stress-dominated sensing and bent-beam sensing, it should be noted that the frequency extrema for the stress-dominated case occur at 690
, which correlates to the maximum axial stress in the TBTF. However, for the measured device, the frequency minimum occurs at À45 and the maximum occurs at 135 . Further FEM simulations were performed and it was found that both the magnitude of the frequency shift and the positions of the inflection points are strongly influenced by the amount of film stress that causes the initial deflection of the TBTF beams. For beams without any initial film stress, the span between minimum and maximum frequencies of mode M 3 over the full tilt range would be 5.3 kHz compared to 59.3 kHz for the device measured in this work. These results indicate that film stresses can be used to tailor the sensing behavior, e.g., the location of the sensitivity maximum and the overall frequency range. On the other hand, good control over the fabrication process is necessary to achieve film stresses within an acceptable range. The AlN films in this work were deposited using reactive AC sputtering, which has been demonstrated to allow precise control of film stresses. 16 In this work, analytical, numerical, and experimental data was presented to demonstrate the benefit of allowing out-of-plane deformation of TBTF sensors for significantly improved sensitivity over in-plane, stress-based sensors. Traditional silicon sensors that are limited to small in-plane deformations due to narrow gaps of their comb teeth cannot take advantage of this finding. However, the single-clamped sensor based on piezoelectric thin-film material presented in this work can utilize this bent-beam sensing technology for ultrasensitive measurement of acceleration, tilt angle, and vibration. 
